We have studied purified preparations of murine mammary tumor virus (MuMTV), Rous sarcoma virus (RSV; Prague strain), and feline leukemia virus (FeLV) by laser beat frequency light-scattering spectroscopy, ultra-centrifugation, and electron microscopy. The laser beat frequency light-scattering spectroscopy measurements yield the light-scattering intensity, weighted diffusion coefficients. The corresponding average hydrodynamic diameters, as calculated from the diffusion coefficients by the Stokes-Einstein equation for MuMTV, RSV, and FeLV, respectively, are: 144 i 6 nm, 147 ± 7 nm, and 168 + 6 nm. Portions of the purified RSV and MuMTV preparations, from which light-scattering samples were obtained, and portions of the actual FeLV light-scattering samples were examined by negatively stained, catalase crystalcalibrated electron microscopy. The light-scattering intensity weighted averages of the electron micrograph size distributions were calculated by weighting each size by its theoretical relative scattering intensity, as obtained from published tables computed according to the Mie scattering theory. These averages and the experimentally observed hydrodynamic diameters agreed to within ±5%, which is the combined experimental error in the electron microscopic and light-scattering techniques. We conclude that the size distributions of singlet particles observed in the electron micrographs are statistically true representations of the sedimentation-purified solution size distributions. The sedimentation coefficients (S2,, .) for MuMTV, RSV, and FeLV, respectively, are: 595 + 29S, 689 i 35S, and 880 + 44S. Virus partial specific volumes were taken as the reciprocals of the buoyant densities, determined in sucrose density gradients. The Svedberg equation was used to calculate particle weights from the measured diffusion and sedimentation coefficients. The particle weights for MuMTV, RSV, and FeLV, respectively, are: 
We have studied purified preparations of murine mammary tumor virus (MuMTV), Rous sarcoma virus (RSV; Prague strain), and feline leukemia virus (FeLV) by laser beat frequency light-scattering spectroscopy, ultra-centrifugation, and electron microscopy. The laser beat frequency light-scattering spectroscopy measurements yield the light-scattering intensity, weighted diffusion coefficients. The corresponding average hydrodynamic diameters, as calculated from the diffusion coefficients by the Stokes-Einstein equation for MuMTV, RSV, and FeLV, respectively, are: 144 i 6 nm, 147 ± 7 nm, and 168 + 6 nm. Portions of the purified RSV and MuMTV preparations, from which light-scattering samples were obtained, and portions of the actual FeLV light-scattering samples were examined by negatively stained, catalase crystalcalibrated electron microscopy. The light-scattering intensity weighted averages of the electron micrograph size distributions were calculated by weighting each size by its theoretical relative scattering intensity, as obtained from published tables computed according to the Mie scattering theory. These averages and the experimentally observed hydrodynamic diameters agreed to within ±5%, which is the combined experimental error in the electron microscopic and light-scattering techniques. We conclude that the size distributions of singlet particles observed in the electron micrographs are statistically true representations of the sedimentation-purified solution size distributions. The sedimentation coefficients (S2,, .) for MuMTV, RSV, and FeLV, respectively, are: 595 + 29S, 689 i 35S, and 880 + 44S. Virus partial specific volumes were taken as the reciprocals of the buoyant densities, determined in sucrose density gradients. The Svedberg equation was used to calculate particle weights from the measured diffusion and sedimentation coefficients. The particle weights for MuMTV, RSV, and FeLV, respectively, are: (3.17 + 0.32) x 108, (4.17 ± 0.42) x 108, and (5.50 + 0.55) x 106 daltons.
Several RNA tumor viruses have been extensively studied by electron microscopy (6, 7), but relatively little has been done to systematically characterize them in solution. The solution characterization of macromolecules usually involves measurements of sedimentation coefficients (s), diffusion coefficients (D), and partial specific volumes (vi) . The Svedberg equation (26) combines D, s, and v-to yield the particle molecular weight; the Stokes-Einstein equation (26) relates D with the hydrodynamic diameter; and the molecular weight and hydrodynamic diameter together yield the volume percentage of water of hydration. One may also measure the particle electrophoretic mobility, which can be combined with the diffusion coefficient to yield the net surface charge (20) . Sedimentation experiments also enable an assessment of the size distribution in solution, particularly with regard to aggregated forms of the particles, and, together with the hydrodynamic diameters, provide a means of relating properties of virus preparations in solution with virus diameters and morphologies observed in electron micro-graphs. These data also provide the necessary criteria for determining the purity of virus solutions.
The measurement of sedimentation coefficients of RNA tumor viruses presents no problem, in principle, except for the fact that available particle concentrations are sometimes so low that the sensitivity of the instrumentation is inadequate. In contrast, the measurement of the diffusion coefficients of the RNA tumor viruses is, in principle, exceedingly difficult to perform by conventional methods of physical chemistry because these viruses are so large, and hence their diffusion coefficients so small, that the measurement requires an impractically long time. Without the diffusion coefficients the other hydrodynamic experiments cannot be interpreted. However, with the recently developed technique of laser beat frequency spectroscopy (LBFS), diffusion coefficients of RNA tumor viruses can be measured easily and quickly (in minutes) on samples with concentrations in the readily available range of 108 to 1010 particles/ml (9, 22, 23 ). Thus we have recently reported diffusion coefficients, measured by LBFS, derived hydrodynamic diameters, sedimentation coefficients, particle weights, and the degrees of hydration for two widely studied oncornaviruses, namely, avian myeloblastosis virus and murine leukemia virus (Rauscher) (23) . Similar studies have been described by others for reovirus type 3 (8, 10) , vesicular stomatitis virus and its defective particles (28) , and various bacteriophages and bushy stunt virus (3) . In this paper we report the results of studies by LBFS, similar to those of avian myelobastosis virus and murine leukemia virus (23) [26, 27] ). In contrast, LBFS is based on an analysis of the time dependence of the scattered intensity. This time dependence is due to the Brownian motion of the particles in solution and is reflected in the output photocurrent of the photomultiplier tube used to detect the scattered light. This photocurrent is analyzed in terms of its time autocorrelation function. When the particle concentration is sufficiently high, fluctuations in the total number of particles within the scattering volume may be neglected (23) , and the autocorrelation function is of the form: N r2)2 FMt aY (E n(r,)I(r~e-D(rI)K~) (1) where n(rd), 1(rd), and D(r1) are, respectively, the number, the average scattered intensity, and the diffusion coefficient of the ith particle, which has a diameter 2ri, and N is the total number of particles. g2t2/2! -it /3! + ...
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FeLV and RSV were purified by the sucrose density where gradient treatments described previously (23) .
MuMTV was purified from RIII milk by a procedure N N adapted from that described by Manning et al. (16) . A rotor, 139,000 x g) on a discontinuous (20 to 65% and I1 is the amplitude of the correlation function at t (wt/wt) sucrose gradient prepared in 0.005 ionic 0. With all terms included, equation 4 is rigorous. strength NaH2PO4-K2HPO4, buffer. The virus was However, for most particle distributions V'M2 is an removed from the pad and centrifuged isopycnically order of magnitude smaller than f, and the j-th roots in a 20 to 65% (wt/wt) continuous sucrose gradient of the other j-moments are even smaller, and thus the (Spinco SW41, 206,000 x g, 3 h). Virus bands were higher terms become apparent only at long times and, removed from the sucrose gradients as described for practical time scales, affect only the baseline. previously (23) . The samples were then dialyzed Since typical signal-to-noise ratios cause uncertain-against three changes of the appropriate buffer. The ties of the order of a few percent, one can obtain from last change contained 0.02% sodium azide.
the experimental correlation functions only the averVirus concentrations were determined from the age decay constant, and, occasionally, with data light-scattering correlation functions, and timehaving exceptionally good signal-to-noise ratios, the averaged scattering intensities were determined by second moment. Thus F can be estimated quite well the method described previously (23) . from the slope of a linear fit to log [F(t)], and the Buffers were prepared according to the tables in the square root of the second moment can be no larger Handbook of Biochemistry (25) . Ionic strength 0.005 than the statistical uncertainty of this slope. In buffers for pH 5 and 7 were, respectively, acetic principle, the derivative of log[F(t)] should be an acid-sodium acetate and KH2PO4-Na2HPO4. Ionic approximately linear function of time, with a slope strength 0.310 buffer, pH 7, was NaHPO4-NaH2PO4.
which is a good estimate of the second moment (12) .
Initial light-scattering results from several indeHowever, in our experiments, the signal-to-noise ratio pendent preparations of the same virus strain yielded is such that the fluctuations in the finite difference apparent virus diameters varying between 150 and estimates of d(log [F(t) 1) /dt yield an uncertainty in 210 nm, which is a variation far in excess of the the second moment larger than the second moment maximum 5% light-scattering experimental error. itself (see Fig. 2C ). Thus, for all practical purposes the Sedimentation velocity runs (see below) on these experimental correlation functions are analyzed as samples showed clearly discernible minor composingle exponentials with decay constants given by the nents, with sedimentation coefficients larger than average, F, of equation 4, that of the main boundary. Subsequent electron Light-scattering instrumentation. The light-micrographs of these samples (see below) showed scattering spectrometer, shown schematically in Fig. variable numbers of large aggregates and up to about 1, has been described previously (23) . Incident light 10% doublets (i.e., particles with two viral cores was generated by an RCA He-Cd laser (441.6 nm, 15 within a single envelope). Thus the irreproducibility mW nominal power); the sample was contained in a and large apparent diameters in the light scattering glass cuvette, (5 by 10 mm), which required at least were attributed to the presence of varying amounts of 0.2 ml of sample; the correlation functions were virus aggregates and doublets. To produce more obtained with a 100-channel Saicor SAI-42A real time homogeneous light-scattering samples, the density correlator. Sample temperatures were determined by gradient-purified virus preparations were given a final the ambient room temperature which ranged between ultracentrifugation. The rotor speeds and times were 20 to 26 C. Temperatures were measured to within chosen so that particles with a sedimentation coeffi-±0.10 with a thermistor in good thermal contact with cient larger than that of singlet particles would be 
C).
A substantial reduction in virus concentration resulted from this step, as ascertained from the light-scattering intensities before and after this final ultracentrifugation. For FeLV, the initial concentrations were sufficiently high that, even with this reduction, the samples still contained enough virus for electronmicroscope study (i.e., greater than 1010 particles/ml). However, RSV and MuMTV were not as concentrated initially, and, although the samples after ultracentrifugation were sufficiently concentrated for light scattering, they were too dilute for electron microscopy. Hence electron microscope samples of RSV and MuTV were obtained prior to this final step, whereas FeLV samples were examined both before and after the centrifugation.
Sedimentation coefficients. Sedimentation coefficients were determined as previously described (23) (24) . We have done this for MuMTV. The sedimentation coefficient in 99% D20 is 221 25S and in water (see Table 1 ) it is 595 +29S. These yield v = 0.842 0.04, which is, to within experimental error, equal to the value determined in sucrose density gradient. Similar close agreement between v, determined by sedimentation in D20 and that determined by sucrose density gradient centrifugation has been observed for vesicular stomatitis virus (1, 17, 28) . In spite of this agreement, these values of v, are still only approximations of unknown accuracy, because both methods are indirect and involve certain assumptions (24) . Since the sucrose density gradient is a considerably more convenient way to measure v, we assumed that similar agreement would obtain for RSV and FeLV and used the sucrose density gradient values of v for calculating molecular weights. Electron microscopy. As described above, samples for electron microscopy, of approximately 1010 particles/ml, were obtained from portions of the same solutions used for light-scattering measurements. The samples were stored at -70 C until preparation for electron microscopy. The virus was fixed with glutaraldehyde and negatively stained with uranyl acetate VOL. 17, 1976 on October 18, 2017 by guest http://jvi.asm.org/ Downloaded from as described previously (14) . The crystallograph repeat distance, namely, 8.8 ± 0.3 nm, of addE catalase crystals was used as an internal size caliber tion (13) .
RESULTS
Light scattering. Typical light-scatterin data are shown in Fig. 2 through 5 . The insel display semilogarithmic plots of the same datE The error bars in these semilog plots are est mates of the experimental error intrinsic to th light-scattering data and correspond to the roc mean square of the fluctuations about th baseline, for the last 10 points of the experimer tal correlation functions. The line through th points in the semilog plots is the best linear fii using a least-squares criterion with equE weighting of all points.
The data in Fig. 2A Table 1 for three independently prepared samples of each virus. The correlation functions were measured at external scattering angles of 700, 900, C TIME (msec) TIME (msec) Fig. 8 through 10 for two independent preparations of each type of virus. These histograms include only particles that measured the same to within ±3% in two orthogonal directions.
The arithmetic average diameters, which are the usual way to report size determinations from electron micrographs, are summarized in Table 2 and are indicated by the solid arrows in Fig. 8 through 10 . As discussed in Materials and Methods, the hydrodynamic diameter, measured by LBFS, of a heterogenous suspension is a weighted average, with a weighting function proportional to the light-scattering intensity from each size particle. To illustrate the difference between the arithmetic and this weighted average, the intensity weighted average calculated for each histogram is indicated in Fig. 8 VOL. 17, 1976 on October (Fig. 4) and FeLV ( Fig. 5 ): 0.005 ionic strength phosphate buffer. For Fig. 4 and 5, respectively, the concentrations were approximately 108 and 1010 particles/ml; the temperatures were 24.0 and 22.8 C; and the external scattering angles were 900 and 700. Semilogarithmic plots as in Fig. 2B. through 10 by the dashed arrow. This is discussed further below.
As described above, FeLV was the only virus for which electron micrographs could be obtained before and after the final ultracentrifugation. We observe that even after the final ultracentrifugation this FeLV sample showed about 2% doublets and one aggregate with four particles. This is an unexpected observation, since the sedimentation coefficient of the doublets should be about 1,400 to 1,800S, depending on the shape of the particles and assuming that the mass density of the doublets is the same as that of the singlets and given that the FeLV singlets have a sedimentation coefficient of 880S. With this difference in sedimentation coefficients, we would not expect to find any doublets in the samples in the upper half of the tubes after the final centrifugation. Thus the origin of the doublets in the electron micrographs of the ultracentrifuged samples is unknown. However, for reasons described below, a small percentage of doublets will increase the apparent hydrodynamic diameter by only a few percent and thus is a minor effect in interpreting the light-scattering data. DISCUSSION Quantitative comparisons of hydrodynamic diameters determined by LBFS with diameters determined by electron microscopy depend on whether or not the size distributions of singlet particles observed in the electron micrographs represent the size distributions in the final ultracentrifuged light-scattering samples. If they do, then experimental hydrodynamic diameters should not be compared with the arithmetic average diameters of the electron micrograph size distributions, but rather with the light-scattering intensity weighted averages.
We find that the experimental hydrodynamic diameters are about 10% larger than the arithmetic mean diameters determined from the electron micrographs. This difference is just outside of the statistical uncertainities of the two kinds of measurements. In view of the discussion above, the light-scattering intensity weighted averages of the electron microscopic size distributions need to be calculated. To carry out this calculation, the relative scattering intensities, I(rj) (equation 1), must be known. If 10ri < X/27rn, then the scattering intensity from homogeneous dielectric spheres is proportional to re (Rayleigh scattering) (26, 27) . However, for the virus particles, ri > X/27rn, and therefore the scattered intensity must be calculated from the Mie theory (27) . The application of this theory to the viruses is complicated by the facts that the viruses are not homogeneous particles and the average index of refraction of the particles is not known. However, since the refractive indexes of the constituent materials of the viruses do not differ from each other by more than approximately 15% (11), the virus particles can be assumed to behave optically as homogeneous spheres, with a refractive index weight averaged among the constituents. Scattering intensities for homogeneous spheres have been calculated and tabulated by Pangonis and Heller (18) . Inspection of these tables reveals that, to within 20%, the relative scattering intensities are independent of the particle index of refraction over the refractive index range of 1.40 to 1.73. Thus, the relative scattering intensities of the viruses over the size range of 100 to 230 nm can be approximated to better than 20% from the tables of Pangonis and Heller. Figure 11 shows the relative scattering intensities as a function of particle size and, for comparison, the r6 dependence, which is valid for the smaller sizes.
We calculated the decay constants, F, and the corresponding hydrodynamic diameters by numerically substituting into equation 1 for n(ri) and I(ri), respectively, the electron micrograph singlet particle size distributions shown in Fig. 8 through 10 and the relative intensity distribution shown in Fig. 11 . The results are summarized in Table 2 and are indicated by the dashed arrows in Fig. 8 through 10 . Light-scattering intensity weighted diameters calculated by this procedure agree to within 5% with the experimentally observed hydrodynamic diameters. This agreement is within the combined experimental error of the two methods. In addition to calculations for singlet particles only, we estimated the effect of 2% doublets to take into consideration the possibility that they ugation. A population of 2% doublets increases the calculated light-scattering diameters by about 3%, which is not significant for this discussion. These calculations do not include the small percentage of small particles (less than 100 nm) seen in the electron micrographs.
At these low relative concentrations, the small particles do not measurably contribute to the calculated correlation functions.
As pointed out in Materials and Methods, FeLV was the only virus for which the electron micrographs could be obtained after the final ultracentrifugation of the light-scattering samples. Thus, the RSV and MuMTV electron micrographs might be regarded as poor representatives of the size distributions in the lightscattering samples. However, the conditions of the final ultracentrifugation were chosen so that the distribution of singlet particles should be unaffected. Experimentally, this seems to be verified by the fact that the singlet distribution function of FeLV is essentially the same before and after this centrifugation. Furthermore, the agreement between the light-scattering intensity weighted averages of the electron micrograph singlet size distributions and the experimental light-scattering diameters for all three viruses also suggests that the electron micrograph singlet size distributions are representative of the solution size distributions. This then implies that the catalase crystal internal marker technique compensates for particle shrinkage during electron micrograph sample preparation and yields essentially the hydrated diameters of the viruses. 
